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Electrochemical biosensors have been studied intensively for several decades. Numerous sensing concepts 
and related interface architectures have been developed. However, all such architectures suffer a trade-off: 
simple architectures favour usability, whereas complex architectures favour better performance. To 
overcome this problem, we propose a novel concept by introducing a magneto-controlled moveable 
architecture (MCMA) instead of the conventional surface-fixed architecture. As a model, human breast 
cancer cells were used in this study. The results showed that a detection range from 100 to 1 X 10^ cells could 
be achieved. Moreover, the whole detection cycle, including the measurement and the regeneration, could be 
completed in only 2 min. Thus, usability and excellent performance can be achieved in a single biosensor. 

Electrochemical biosensors are considered the most promising devices for biological studies and clinical 
diagnostics^"'* because of their low cost, ease of use, portability, and simplicity of construction. The detection 
of various analytes, ranging from ions to cells, has already been achieved with electrochemical biosen- 
gQj.g5-i8 typical electrochemical biosensor is usually composed of several parts, including a) a sensitive bio- 
logical element (e.g., enzymes, nucleic acids, antibodies, or tissues, among others) that specifically interacts (binds 
or recognises) the analyte, b) an interface architecture where the interaction occurs to give rise to a signal picked 
up by c) a transducer that transforms the signal resulting from the interaction into an electrochemical signal, and 
d) a reader device that displays the results in a user-friendly way* ^ Typically, component b has attracted the most 
research attention, and the design options are infinite. Thus, researchers have devoted substantial effort to the 
construction of favourable interface architectures. Numerous strategies have been proposed, and various types of 
functional materials have been used to construct biosensors; and numerous ingenious interface architectures have 
been reported*^"^^. However, the construction of many of these ingenious interface architectures is highly com- 
plex. Because of the loss of bioactivity of the biological element or damage caused to the architecture during the 
measurement, the architecture must be reconstructed after it has been used*^"*^'^^"^^. Unfortunately, tens of 
minutes or even a few days may be required for the reconstruction, which makes the use of these biosensors 
inconvenient. In general, simple interfaces provide better usability; however, complex interfaces tend to provide 
better performance. Some researchers have proposed different strategies to address this usability and perform- 
ance trade-off, such as the use of disposable screen printed electrodes (SPE) and label-free biosensing^^"^*. 
However, the greatest obstacle has been the lack of a practical way to regenerate the sensing interface, which 
has been the bottleneck for the development of different types of electrochemical biosensors, such as immuno- 
biosensors, DNA biosensors, and glucose biosensors, among others. 

To overcome this problem, we propose a novel strategy by introducing a magneto -controlled moveable 
architecture (MCMA). Conventionally, the sensing interface architecture is fixed on the surface of a working 
electrode; thus, after a component malfunctions, the whole architecture and/or the interface must be recon- 
structed. In our strategy, the sensing interface is placed on colloidal magnetic nanoparticles (MNPs), which can be 
easily controlled by a magnetic field, thereby making the interface architecture moveable. Thus, the MCMA in our 
electrochemical biosensor is dynamically attracted to the surface of the working electrode instead of being fixed 
on that surface. After a measurement is performed, the electrode can easily be refreshed by attracting the MCMA 
away from the electrode surface using a magnetic field. Thus, the turnaround time for taking the next measure- 
ment is short, thereby enabling the biosensor to perform efficiently and exhibit great usability. 

Although MNPs have been previously applied to the fabrication of electrochemical biosensors, they are usually 
used only as a matrix on the electrodes^^"^^ or for separation prior to electrochemical detection^^'^^. This work 
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represents the first time that magnetic control has been integrated 
with electrochemical detection and that the interface architecture of 
an electrochemical biosensor has been made movable under the 
assistance of MNPs. 

Results 

In this study, one type of human breast cancer cells (Michigan cancer 
foundation- 7 (MCF-7) cells) was used as a detection model for the 
biosensor. The principle of the detection is illustrated in Fig. 1. As is 
illustrated in the scheme, the MCMA includes the detection target 
(i.e., the MCF-7 cells) and a sensitive biological element (i.e., anti- 
CEA-antibody-functionaUsed MNPs (Ab@MNPs) and horseradish- 
peroxidase-labelled mucin- 1 aptamer (HRP-apt)). The anti-CEA 
antibody and the mucin- 1 aptamer here specifically recognise and 
bind the target cells. The MNPs facilitate magnetic control, and the 
HRP provides electrochemical catalysis. Thus, the architecture that is 
usually immobilised on the surface of an electrode is fabricated here 
in solution and is independent of electrodes. The MCMA can be 
attracted onto an electrode by placing a magnet under the electrode. 
Electrochemical signals can be obtained via the sensitive system 
composed of hydrogen peroxide, thionine, and HRP. To re-generate 
the electrode, a magnet is placed over the electrode to remove the 
MCMA. Therefore, cycling of the detection and regeneration is very 
convenient through magnetic control. The primary difference 
between this biosensor and conventional electrochemical biosensors 
is the use of the MCMA; thus, the corresponding sensing interface 
can be very simple and user-friendly. 

We also performed experiments to optimise the conditions used to 
prepare the MCMA. Details concerning the synthesis and character- 
isation of Ab@MNPs and HRP-apt are provided in the Supplemen- 
tary Methods section (Figs. SI and S2). An effective MCMA was 



obtained by incubating MCF-7 cells with the Ab@MNPs and the 
HRP-apt. Free Ab@MNPs and HRP-apt were then washed out of 
the solution using low-speed centrifugation, and magnetic separa- 
tion was used to remove free MCF-7 cells. Thus, the MCMAs were 
constructed, and were dispersed in the test solution, which could be 
controlled by a magnetic field. 

Because the electrode -electrolyte sensing interface was simple and 
user- friendly, no functional design was required. Two basic precon- 
ditions should be satisfied. First, the interface should be able to 
facilitate enzyme-assisted electrochemical signals. We examined 
these signals by studying the electrochemical response of different 
electrode-electrolyte interfaces. A tail with different chemical groups 
added to the gold electrode was adopted to generate the interface 
with an aqueous electrolyte (phosphate buffer solution, 10 mM, pH 
7.4). As shown in Fig. 2, the corresponding cyclic voltammetric 
response was obtained for all cases after the sequential addition of 
the substrate, electron mediator, and enzyme (hydrogen peroxide, 
thionine, and HRP, respectively) to the electrolyte. When HRP was 
added as the last step, an apparent peak current with a shape of a 
catalytic wave was obtained (blue curves), which suggested that the 
HRP-catalysed and thionine-mediated electrochemical reduction of 
hydrogen peroxide occurred. Although hydrogen peroxide and thio- 
nine also exhibited a direct electrochemical response, the efficiency 
of electron transfer was much lower than that with the enzyme HRP. 
The electrochemical catalytic process can be described by Equations 
(l)-(4): 



HRP (Fe™) + H2O2 ^compound I + H2O 



(1) 



compound I + thionine (Red) ^compound II + thionine (Ox)* (2) 
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Figure 1 | Schematic illustration of the MCMA-based reusable electrochemical biosensor for the detection of human breast cancer cells. 
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Figure 2 | Cyclic voltammetric response of different chemical-group-tailed gold electrodes in a PBS elect^^ mM,pH7.4) (black curves) after the 

sequential addition of hydrogen peroxide (red curves), thionine (green curves), and HRP (blue curves). From (a) to (f): bare gold electrode, gold 
electrode modified with cysteine, ethanethiol, mercaptohexanol, mercaptoethylamine, and mercaptoacetic acid, respectively. 



compound II + thionine ( Ox) *-> HRP (Fe™) +thionine(Ox) (3) 
thionine(Ox) + 2e" +2H+ ^thionine (Red) (4) 

where "Ox" indicates the oxidative states and "Red" indicates the 
reductive states. The electrochemical workstation provided two elec- 
trons in Equation (4), representing the catalytic wave. The change in 
the current (indicated by double- sided arrows in Fig. 2) can be 
regarded as the effective readout signal, which was significant in all 
of the examined cases except the bare gold electrode^^"^^. With the 
exception of the bare gold electrode, the other five chemically modified 
electrodes all satisfied the signal readout requirement. The interface 
also requires self-cleaning properties because the physical adsorption 
of the MCMA onto the electrode is unwanted. We conducted experi- 
ments in which we compared the adsorption of the target MCF-7 cells 
on the five chemically modified electrodes. The results showed that 



cells on the methyl- and carboxyl -tailed electrodes were more easily 
washed away (Fig. 3), which can be ascribed to the repulsion of the 
polar molecules on the cells with the hydrophobic methyl-tailed sur- 
face or to the electrostatic repulsion between negatively charged cells 
and the carboxyl-tailed surface. Thus, both the methyl- and carboxyl- 
tailed electrodes were favourable. Because ethanethiol (methyl-tailed) 
is more volatile and toxic, mercaptoacetic acid (carboxyl-tailed) was 
used for the construction of the electrode-electrolyte sensing interface. 

We assembled the biosensing device and conducted electrochem- 
ical measurements of MCF-7 cells. Fig. 4 displays photographs of the 
biosensing device. The carboxyl-tailed gold electrode, which func- 
tioned as the working electrode, was positioned face-up to favour 
magnetic control. A saturated calomel reference electrode and a plat- 
inum counter electrode were also used to complete the three-electrode 
system. The MCMA, the substrate, and the electron mediator were 
added directly to the test solution (10 mM phosphate buffer solution. 
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Figure 3 | Microscopic observation of cells on different chemical-group- 
tailed gold-sputtered cover glass. Top centre: before being rinsed; others: 
rinsed after adsorption for 5 min. From (a) to (e): gold electrode modified 
with cysteine, ethanethiol, mercaptohexanol, mercaptoethylamine, and 
mercaptoacetic acid, respectively. The gold-sputtered cover glass was 
prepared using an ion sputter coater. 

pH 7.4). When a magnet was placed under the working electrode, the 
MCMA was attracted to the surface of the working electrode. After 
only 30 s, the MCMA assembled on the surface of the working elec- 
trode and was visible to the naked eyes. Cyclic voltammetric measure- 
ments were then conducted, as shown in Fig. 5a, and a typical catalytic 
wave was obtained (cyan curve). In the control experiments, the 
absence of either Ab@MNPs (black and red curves) or HRP-apt (blue 
and green curves) resulted in low peak currents. Because the MCF-7 



cells attract the Ab@MNPs and the HRP-apt to compose the MCMA, 
the signal intensity was dependant on the quantity of MCF-7 cells. 
Thus, an increase in current response was observed when the quantity 
of MCF-7 cells was increased (Fig. 5b). Fig. 5c shows the relationship 
between the peak current and the cell number. The current exhibited 
a linear relationship with the logarithm of the cell number in the 
range from 100 to 1 X 10^ cells; the linear equation was Y = 1.087 
+ 0.788X (R = 0.994). The relative standard deviations (RSDs) of the 
data points ranged from 2.4%-5.2% (n = 4). Therefore, the favour- 
able detection of MCF-7 cells with a large detection range and a good 
detection limit can be achieved with this biosensor. 

To regenerate the biosensor, the magnetic field was placed above 
the working electrode. After being washed with water, the working 
electrode was immediately regenerated and exhibited a golden, mir- 
ror-like appearance; this change showed that the electrode was ready 
for the next test. The current response for the measurement of 1 X 
10^ cells in three cycles is shown in Fig. 5d. The RSDs of the data 
points ranged from 2.5%-5.9% (n = 4). Thus, continual tests at 
intervals less than 2 min can be successfully achieved. It is noted that 
a little passivation still exists, representing the slight increase of the 
background current. This is owing to the inevitable slight adsorption 
of the MCMA on the surface of the working electrode after the gentle 
rinsing. Nevertheless, a better treatment of the working electrode 
(e.g., ultrasonication in water for another 2 min) was proven to 
remove the passivation (Supplementary Fig. S3a). The stability of 
the biosensor was also tested by placing the electrode in dark for 7 
days, and no passivation was observed (Supplementary Fig. S3b). 

Discussion 

In summary, we have proposed a novel strategy in which MCMA is 
adopted for the fabrication of reusable electrochemical biosensors 
that exhibit excellent performance and practical usability. MCF-7 
cells that were used as a model were successfully detected. In addition 




Figure 4 | Photographs of the device: (a) the gold- wafer electrode; (b) the electrolytic cell; (c) a magnet placed under the gold electrode; and (d) the 
overall appearance of the three-electrode system. 
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Figure 5 | Cyclic voltammetric responses of (a) the complete (cyan curve) or incomplete (black, red, green, and blue curves) MCMA in the 
electrolyte containing 20 [iM thionine and 6 mM H2O2 and (b) the MCMA fabricated with different amounts of cells. Other conditions were the same as 
those in (a), (c) The relationship between the peak current and the cell numbers. The dots represent the currents of the corresponding cyclic 
voltammogram at —0.25 V. (d) The current response for the MCMA with 1X10^ cells over three cycles. The top dots represent responsive currents, 
whereas the bottom dots represent background currents. All dots were taken from the corresponding cyclic voltammogram at —0.25 V. 



to its favourable performance and practical usability, the novel bio- 
sensor may also exhibit other advantages over traditional biosensors: 
a) the MCMA can be constructed in batches, which may contribute 
to high-throughput measurements; b) dual-recognition or even 
multi- recognition can be introduced simultaneously to the detection 
target, thereby substantially shortening the detection time; and c) the 
biosensor can be regenerated very easily and rapidly; thus, detection 
in sequence can be achieved on a single electrode without waiting for 
further treatment of the samples and the electrode. In addition, 
opportunities exist to further develop this novel biosensor using 
other strategies, such as a) the construction of a self-cleaning elec- 
trode surface via the adoption of superhydrophobic materials to 
facilitate control of a universal MCMA; b) the inclusion of different 
architectures in the MCMA, with numerous possibilities for the 
detection of different targets; c) the use of previously reported strat- 
egies to achieve better performance of a biosensor, e.g., enzyme- 
assisted signal amplification, can be adapted to the MCMA. Thus, 
the strategy proposed in this study to construct reusable electro- 
chemical biosensors could be employed for the rapid development 
of different types of biosensors in the near future. 

Methods 

Preparation of the magneto-controlled moveable architecture (Ab@MNPs/cell/ 
HRP-apt). The detailed methods for the cell culture and the synthesis of Ab@MNPs 
and HRP-apt can be found in the Supplementary Methods section. In total, 100 |iL 
of Ab@MNPs, 100 [iL of cell suspension, and 10 [iL of HRP-apt were mixed 
together and incubated at room temperature for 1 h. The Ab@MNPs/cell/HRP-apt 
MCMA was subsequently separated under a magnetic field and washed twice in 
phosphate-buffered saline (PBS) (10 mM, pH 7.4). The Ab@MNPs/cell/HRP-apt 



MCMA was prepared after it was magnetically separated and redispersed in 300 |iL of 
PBS. 

Preparation of the chemical group-tailed gold electrode. A polished gold wafer 
electrode obtained from CHI Instruments (Shanghai, China) was first immersed in 
piranha solution (H2SO4/H2O2, 7 : 3, v/v) for 5 min, followed by rinsing with copious 
amounts of double-distilled water. (Caution: Piranha solution reacts violently with 
organic solvents and should be handled with great care.) The electrode was subsequently 
cleaned electrochemically in 0.5 M H2SO4 by potential scanning between 0 and 1.6 V 
until a reproducible cyclic voltammogram was obtained. Finally, the electrode was 
washed with double-distilled water and dried in a gentle stream of high-purity nitrogen. 
The clean gold electrode was immersed in 200 |aL of 10 mM mercaptoacetic acid and 
was stored in the dark at 4°C for 16 h. The same procedure was used for the 
modification of mercaptoethylamine, ethanethiol, mercaptohexanol, and cysteine. 

Electrochemical measurements. The electrochemical measurements were 
performed on a model 660C electrochemical analyser (CH Instruments). A 
conventional three-electrode system consisting of the gold electrode, a saturated 
calomel reference electrode, and a platinum counter electrode was used for all of the 
electrochemical measurements. The device is shown in Fig. 4. A PBS solution (5 mL, 
10 mM, pH 7.4) containing 20 |J,M thionine and 6 mM H2O2 was used as the 
electrolyte. Before the measurements were performed, the MCMA was directly added 
to the electrolyte with a microinjector. A magnet was placed under the electrode for 
30 s to attract the MCMA onto the working electrode. Cyclic voltammetric 

measurements were then performed in the potential range of 0 0.25 V at a scan 

rate of 5 mV/s while the magnet was kept still. To regenerate the electrode after the 
cyclic voltammetric measurements, the magnet was placed over the working electrode 
for 30 s. After being further rinsed with double-distilled water, the electrode was 
ready for another test. All of the electrochemical measurements were repeated at least 
four times, and the data points presented represent averages from at least four 
independent experiments. 
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